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SOME  OPTICAL  PROPERTIES  OF  TURBID  MEDIA 


Atmales  de  Physique  Charles  Cheneveau 

Rene  Audubert 

I.  -  Much  research  has  been  carried  ouc  on  turbid  media  and  in  par¬ 
ticular  on  their  optical  properties.  The  importance  of  the  subject  is  cer¬ 
tainly  great  since  it  encompasses  colloidal  solutions,  emulsions,  inclusions, 
precipitates,  etc.  Every  law  that  can  connect  a  physical  property  of  a 
turbid  medium  with  its  constitution  may  therefore  permit  in  practice  the 
analysis  of  particles  of  which  it  is  composed  and,  for  example,  may  be  ap¬ 
plied  to  the  determination  of  bacteria  in  biology  as  well  as  to  the  analysis 
of  certain  substances  in  chemistry. 

First  of  all,  can  one  define  a  turbid  medium  in  a  simple  manner?  We 
think  that  this  is  impossible,  if  we  consider  the  optical  properties  which 
enable  us  to  differentiate  right  away  between  a  turbid  and  a  transparent 
solution. 

Certainly,  a  turbid  medium  is  constituted  in  general  of  particles 
suspended  In  an  intergranular  medium,  but  these  particles  may  be  either 
opaque  or  transparent.  In  the  latter  case  if  the  index  of  refraction  of 
the  transparent  particles  is  equal  to  the  index  of  refraction  of  the  inter¬ 
granular  medium  the  medium  will  appear  transparent:  that  is  almost  exactly 
so  for  suspensions  of  resins  resulting  from  solutions  of  certain  rubbers  in 
benzene.  If  the  refractive  indices  of  the  particular  and  interparticular 
medium  are  different  the  medium  appears  turbid;  this  is  the  behavior  of  oil 
in  water,  water  in  oil,  of  suspensions  of  resins  (mastic,  gamboge)  in  water 
containing  a  slight  amount  of  alcohol,  inclusions  of  liquids  in  resins  etc. 

A  concept  of  a  turbid  medium  therefore  does  not  only  imply  the  fact 
that  there  are  solid  or  liquid  particles  suspended  in  an  Intergranular 
liquid  or  solid  but  also  that  the  refraction  of  the  media  plays  an  import¬ 
ant  role. 

On  the  other  hand  it  is  certain  that  the  dimensions  of  the  particles 
and  their  number  also  have  their  influence.  From  this  point  of  view  one 


f 


seems  in  general  to  have  paid  more  attention  to  the  first  quantity  than  to 
the  second,  and  nevertheless  we  seem  intuitively  to  have  always  thought  that 
the  dimension  and  the  number  of  particles  are  Intimately  connected  with 
their  effect,  and  that  therefore  it  was  rather  their  volume  which  affects 
their  optical  properties. 

The  optical  properties  -  diffusion  or  absorption  and  polarization  - 
have  been  studied  almost  exclusively  in  turbid  media  with  opaque  particles. 
The  celebrated  theory  of  Lord  Raleigh1  on  the  blue  color  of  the  sky  -  de¬ 
veloped  on  the  assumption  that  light  is  diffracted  on  particles  which  are 
small  compared  to  the  incident  wave  length,  leads  to  the  following  formula 
where  the  thickness  of  the  traversed  medium  is  unity: 

(1)  KNd6 

I  ~  X 
r  -  6 


Here  M  is  the  number  of  particles  of  diameter  <1  per  unit  volume,  I 
the  intensity  of  the  incident  light  of  wave  length  X  ,  I.  the  intensity 
of  the  transmitted  light  and  K  a  coefficient  which  depends  on  the  optical 
properties  of  the  particle  and  of  the  intergranular  medium.  Thij  formula 
has  been  verified  many  times  on  emulsions  of  mastic  (£ap.  Abney)  ,  on  fine 
precipitates  of  silver  chloride  (Hgrion  and  Bout^ric  )  and  also  on  the 
atmosphere  Itself  (Crova  ,  Pertner  and  Ehrenhaft  )  have  extended  the  exper¬ 
imental  application  to  colloidal  solutions.  These  different  Investigations 
have  led  to  the  result  that  in  the  case  of  particles  whose  diameter  is  very 
small  compared  to  the  wave  length  the  exponent  of  the  second  factor  in  Lord 
Raleigh's  formula  is  equal  to  4.  In  many  other  cases,  for  example  precipi¬ 
tation  of  silver  chloride,  it  has  this  value  only  at  the  moment  of  forma¬ 
tion  of  the  precipitate;  this  is  because  of  the  variation  of  the  size  of 
Che  particles  constituting  the  latter.  Boutaric  in  particular  has  studied 
this  phenomenon  and  was  led  to  replace  Lord  Raleigh's  formula  by  the  follow¬ 
ing  more  general  one: 


(2) 


*Lord  Rayleigh,  Phil.  Mag..  1871,  1881,  1899. 
foil.  Mag..  Feb.  1871. 

C.  R..  Vol .  152,  p.  143 

?These  de  Doctoral  (Doctoral  Thesis),  Paris,  1918. 

3 Ann.  Chlm.  PhvsT* (Annals  of  Chemistry  and  Physics),  6th  Series, 

Vol.  20,  1890,  p.  480;  Vol  25,  1892,  p.  534. 

^Acad.  Sciences  de  Vienne  (Vienna  Academy  of  Science),  Vol.  73,  1901. 
7Phvs.  Ze it  (Journal  of  Physics),  5,  1904,  p.  387. 
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where  x  is  the  thickness  traversed. 

He  studied  the  variation  of  n  from  the  moment  of  formation  of  the 
precipitate  (AgCl).  In  his  experiments  n  varied  from  +  4  at  the  initial 
moment  to  +  2  at  the  end  of  60  minutes  approximately.  These  limits  are 
rather  narrow  and  make  one  think  that  the  corresponding  increases  in  the 
diametej  of  the  particles  are  small.  However  other  authors  (Keen  and 
Porter)  have  found  without  emphasizing  it,  variations  of  n  which  are  much 
greater  when  studying  the  absorption  of  light  through  sulfur  precipitated 
from  sodium  hyposulfite  by  acid;  they  observed  that  such  a  medium  at  first 
absorbed  violet  very  strongly,  and  after  a  certain  time  it  absorbs  red 
preferentially. 

In  applying  these  results  in  formula  2  we  see  that  n  can  therefore 
be  both  positive  and  negative. 

II.  However  none  of  these  publications  mentions  the  close  correla¬ 
tion  between  the  diameter  and  the  variation  of  n,  as  well  as  the  effect  of 
the  number  of  particles  with  identical  diameters.  Thus  it  seemed  of  in¬ 
terest  to  see  what  would  hapnen  to  Lord  Raleigh's  formula  when  applied  to 
particles  whose  dimensions  are  equal  to  or  greater  than  the  wave  length  of 
the  incident  light.  In  this  manner  we  have  been  led  to  investigate  the 
optical  properties  of  such  media  and  to  the  systematic  study  of  the  effect 
of  various  factors,  the  diameter  of  the  particles  and  their  number  per  unit 
volume. 


To  this  effect  we  used  emulsions  of  gamboge  and  mastic  obtained  by 
precipitation  of  alcoholic  solutions  of  these  resins  with  water. 

Such  emulsions  have  a  rather  great  stability  and  consist  of  particles 
which  one  can  consider  spherical  and  transparent.  The  mastic  particles 
however  differ  slightly  from  those  of  gamboge: 

The  former  are  rather  fragile  and  are  crushed  by  pressure  under  Che 
cover  slide  while  the  latter  behave  like  true  glass  balls  and  break  into 
pieces  during  the  same  operation.  Furthermore  there  is  an  essential  dif¬ 
ference:  the  mastic  is  colorless  while  gamboge  has  a  beautiful  yellow 
coloration.  We  have  also  carried  out  measurements  on  fine  silver  chloride 
precipitates,  on  barium  sulfate  and  on  emulsions  of  oil  in  water  and  water 
in  oil  and  on  liquid  spherical  inclusions  in  solid  resins  prepared  by  a 


^Proc.  Roy.  Society.  Vol.  89,  1914,  p.  340. 

One  can  obtain  rather  easily  a  relatively  stable  emulsion  of  water  in  oil 
by  shaking  the  oil  with  lime  water;  the  opposite,  u  suspension  of  oil  in 
water  is  obtained  by  emulsification  in  a  sodium  hydroxide  solution.  The 
reason  for  the  success  of  these  two  procedures  is  probably  the  difference 
of  the  surface  tension  of  the  calcium  and  sodium  hydroxide  soap  films  that 
are  formed. 
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procedure  which  one  of  us  has  discovered.  Let  us  note  in  passing  that 
though  Che  stability  of  these  inclusions  is  much  greater  than  that  of  gam* 
boge  and  resin  emulsions,  we  have  been  unable  to  obtain  a  turbid  medium 
which  is  stable  indefinitely. 

ill.  We  shall  restrict  our  description  to  the  investigation  of  the 
absorption  and  diffusion  carried  out  on  such  media;  because  of  the  dimen¬ 
sions  of  the  particles,  their  polarization  is  negligible,  though  not  equal 
to  zero. 

Preparation  of  tho  Emulsions. 

In  order  to  determine  the  effect  of  the  number  of  particles  per  unit 
volume  and  of  their  diameter  we  have  prepared,  following  the  fractionated 
centrifugation  technique  described  by  Jean  Perrin  an  entire  series  of 
homogenous  emulsions  of  mastic  and  gamboge  comprising  diameters  ranging 
from  1  to  12  p  and  concentrations  ranging  from  10°  to  5  x  10J  particles  per 
cc.  Even  though  the  procedure  for  preparing  large  particles  permits  the 
preparation  of  particles  with  a  diameter  of  50  p  we  could  in  our  experiments 
only  use  particles  with  a  diameter  smaller  than  12  ji\  because  above  this 
value  the  spheres  have  Inclusions  or  are  covered  by  much  smaller  particles 
and  this  modifies  their  optical  properties.  Furthermore,  measurements  were 
difficult  because  of  the  very  sizable  sedimentation  which  occurred. 

Measurements  of  N  and  d. 


The  evaluation  of  the  parameters  N  and  d  has  been  carried  out  by  a 
very  large  number  of  microscopic  measurements  (for  the  diameters  the  Perrin 
alignment  method  was  used,  for  the  concentrations  a  method  similar  to  hema- 
tlmetric  ones).  The  calculated  precision  is  3%  on  the  average. 

Absorption  Measurement. 

2 

These  measurements  were  carried  out  with  Fery's  spectrophotometer  . 
In  ^rder  to  eliminate  the  visual  error,  due  to  the  defects  of  the  eye  (Bro¬ 
ca)  which  is  large  when  compared  to  the  rest,  we  have  taken  a  great  number 
of  measurements  on  the  same  emulsion;  the  measurements  check  each  other. 

In  this  manner  we  have  determined  by  a  series  of  experiments  the  deviation 
of  our  measurements  which  is  about  4  to  5%. 

As  a  check  on  this  precision  we  have  used  the  verification  of  the 
classical  exponential  law  which  relates  the  transmitted  intensity  to  the 


^Les  Atonies  (The  Atoms),  1913. 

fjourn.  Phys.  (Journal  of  Physics),  Vol.  9,  4th  Series,  1910,  p.  819. 
^Physique  Blologloue  (Biophysics),  Vol.  2:  Photometry. 
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thickness  of  the  traversed  medium 


In  order  not  to  introduce  large  constants^into  our  equations  we  have 
been  obi  ged  to_\jige  aj  unit  of  length  the  /i  (10"  cm)  and  as  unit  of  volume 
the  cubic  jj  (10  cm  ). 

IV.  EXPERIMENTAL  RESULTS  -  1.  Absorption 

We  have  measured  the  absorption  of  the  different  emulsion  series, 
prepared  as  described  above,  in  order  to  find  out  whether  the  numerical 
results  show  the  simple  relation  between  the  ratio  y  of  the  transmitted 

o 

light  to  the  incident  light  and  the  parameters  N  and  d  which  have  already 
been  defined. 


We  have  shown  our  results  graphically  (curves)  plotting  the  ratio  2. 
on  the  ordinate  and  either  N  or  d  on  the  abscissa.  In  both  cases  the  1^ 
transmission  coefficient  is  a  continuous  function  of  the  variable  under 
consideration.  But  since  these  curves  did  not  always  fall  into  order  of 
increasing^ value  of  N  or  of  d  (Fig.  1)  we  had  the  idea  of  considering  the 
product  Nd  as  an  independent  variable.  This  product  represents,  except 
for  a  constant  factor,  the  total  volume  of  the  particles  or  their  total 
mass. 
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ut  or 


Figure  2. 


The  previously  noted  anomaly  disappears  as  is  shown  in  Figure  2. 

I  3 

The  function  y  ■  f  (Nd  )  can  easily  be  determined;  as  a  matter  of 
°  3 

fact  If  one  plots  the  values  of  log  (Nd  )  on  the  abscissa  and  the  corres¬ 
ponding  values  of  log  £-log(l  -  y  )J  on  the  ordinate  the  points  obtained 

o 

graphically  fall  essentially  along  straight  lines  whose  equation  is: 


<3) 


log  log  (1  -  y  y  •  log  K  -  n  log  Nd3. 
o 
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Figure  3. 

It  is  interesting  to  note  that  the  slopes  of  the  straight  lines 
obtained  for  a  given  wave  length  are  the  same  regardless  of  the  diameter  or 
the  nature  of  the  particle  (Fig.  3);  on  the  other  hand  the  ordinate  at  the 
origin  (log  K)  is  related  to  the  diameter  by  the  equation: 

log  K  “  log  A  +  ft  log  d 

in  which  A  and  ft  are  variable  coefficients.  The  first.  A,  varies  with  the 
wave  length  and  the  nature  of  the  particle  and  the  second  ft  varies  with 
the  nature  of  the  particle  only. 

Consequently  all  these  results  can  be  summarized  in  the  following 
equation  which  expresses  the  relation  between  the  absorption  1  -  y  of  the 
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emulsion  and  Its  physical  properties: 


<4) 


e  (Nd3)* 


The  measured  values  of  y  are  listed  in  the  summary  table  given  at 

o 

the  end  of  the  paper.  The  following  table  gives,  for  two  wave  lengths  the 
value  of  the  coefficients  of  equation  (4)  for  mastic  and  gamboge. 


Mastic  0.5  0.4  0.5  1.8*10“6  1.0*10”2 

Gamboge  0.5  0.4  1.0  1.1  '•  0.6  ** 


Within  the  experimental  error  the  values  calculated  by  the  above 
equation,  valid  only  for  particles  whose  diameter  is  greater  than  the  wave 
length,  are  identical  with  observed  values.  Random  examples  are: 


for  X  < 

-  0.644}i 

I/I  calculated 
o 

I/Ig  observed 

approximation 

rNo.  16 

0.93 

0.93 

0  0/0 

Mastic  4 

[  No.  2 

0.66 

0.64 

3  — 

[no.  1 

0.57 

0.56 

2  — 

1 

No.  15 

0.94 

0.91 

3  0/0 

Gamboge  i 

No.  5 

0.72 

0.70 

3  — 

No.  1 

0.55 

0.56 

2  — 

The  extinction  coefficients  found  for  mastic  are  always  smaller  than 
those  found  for  gamboge;  this  difference  is  of  the  order  of  0.14  and  is 
independent  of  the  number  and  size  of  the  particles.  It  characterizes 
probably  the  absorption  due  to  the  coloration  of  gamboge. 


Example  for  0.644jj: 


•a  I 

Nd3 

1/1 

0 

Difference 

Mastic 

f 

400 

0.84 

0.70 

0.14 

Gamboge  { 

1 

L 

1.7  p 

600 

0.77 

0.64 

0.13 

Mastic  j 

r 

600 

0.72 

0.58 

0.14 

« 

2.5  p 

1.000 

0.80 

0.66 

0.14 

Gamboge  | 

1.600 

0.88 

0.75 

0.13 

Equation  4  obtained  experimentally  does  not  show  the  effect  of  the 
wave  length,  while  Lord  Rayleigh's  equation,  which  applies  to  all  small 
particles  involves  the  variable  A  explicitly.  Expression  (l)  cannot  be 
applied  to  particles  whose  dimensions  are  large  compared  to  the  wave  length 
of  the  incident  light,  but  perhaps  with  some  modifications  it  could  be 
made  applicable  to  large  particles.  With  this  iij  view  by  replacing  it  by 
the  much  more  general  equation  given  by  Boutaric  ) 

_ A_ 

(5)  J_  Xd 

r  ■ e 


A,  being  a  certain  function  of  N,  of  d  and  of  the  optical  properties  of  the 
particles  and  of  the  interparticle  medium,  experience  has  shown  that  by 
plotting_the  valueSjOf  log  X  on  the  abscissa  and  the  corresponding  values 
of  log  l_  -  logQ  -  y  )_/  one  obtains  straight  lines  of  the  form: 
o 

log  j_  -  log  (1  -  y  )_/  -  log  A  n  log  X  . 
o 

These  results  indicate  that  it  is  justifiable  to  use  equation  (5) 
for  large  particles  and  that  the  exponent  n  is  independent  of  the  wave 
length.  This  has  been  confirmed  by  a  very  large  number  of  measurements 
carried  out  on  inclusions,  precipitates  and  emulsions  of  oil  in  water  and 
water  in  oil. 

On  the  other  hand,  within  our  limits  we  found  that  the  function  A 
is  of  the  form: 


Loc.  clt. ,  p. 


83. 
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A  -  KNd 


K  being  a  coefficient  depending  solely  on  the  optical  properties  of  the 
particles  ar.1  of  the  interparticle  medium.  Assuming  that  this  proportional¬ 
ity  factor  is  identical  with  that  of  La.\.  .:..yleigh»s  equation 


8*' 


(D1-_D)2 


we  find,  by  equating  i^fto  £he  numerical  value  obtained  for  K  per  unit  of 

thickness  traversed:  - — —  -  0.09  approximately;  it  is  interesting  to 

note  that  this  value  is  precisely  that  of  the  ratio 


N 


No2 


N  +  2N  o 

rs 


where  N  (Approximately  1.48)  and  N  (approximately  1.33)  represent  the  re¬ 
fractive  indices  of  the  particles  and  of  the  interparticle  medium. 

The  absorption  can  thus  be  given  by  the  equation: 


(6) 


i-r-e 


KNd 

xn 


2.  Dispersion  by  Internal  Diffusion. 

This  last  equation  (6)  is  superior  because  it  definitely  shows  the 
variation  of  the  absorption  with  different  radiations. 

Thus  when  measuring  the  intensities  I'  and  I"  transmitted  by  two 
wave  lengths  X'  and  X"  one  finds,  since  n  is  independent  of  the  wave 
length: 

log  (-log  y  )  -  log  (-log  y  ) 


log  X'  -  log  X" 

We  have  determined  the  values  of  n  for  a  series  of  homogeneous 
emulsions  with  different  concentrations  and  diameters;  the  results  are 
listed  in  the  summary  table. 

From  this  table  it  is  apparent  that  n  depends  both  on  N  and  d;  one 
could,  a  priori,  predict  the  effect  of  the  diameter  but  not  that  of  the 
number  of  particles  per  unit  of  volume.  This  fact  has,  to  the  best  of  our 
knowledge,  never  been  noted  before.  This  systematic  study  however  shows 
that  the  laws  which  govern  variation  with  N  and  d  are  analogous: 
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1.  For  each  diameter,  the  curves  n  -  f(N)  (Fig.  4)  show  a  minimum 
which  is  especially  marked  for  the  large  diameters  and  whose  position  moves 
away  from  the  origin  with  decreasing  diameter. 


Within  the  limits  of  the  experiment  the  variation  of  n  for  small  diameters 
and  high  concentrations  can  be  represented  by  the  relation  n  ■  A  +  B  log  N. 

2.  The  curves  n  -  p  (d)  (Fig.  5)  also  have  minima  which  move  away 
from  the  origin  with  «.  ecreasing  N;  furthermore  the  magnitude  of  these  minima 
decreases  with  the  concentration.  The  extrapolations  of  the  curves  to  the 
y-intercept  seem  to  converge  to  a  point  for  n  -  4  for  d  approaching  zero. 
This  result  confirms  the  law  of  Lord  Raleigh  for  small  particles.  This  ex¬ 
trapolation  could  not  be  carried  out  with  enough  precision  for  the  curves 
n  -  f (N). 
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3.  All  these  results  indicate  that  n  is  a  continuous  function  of 
the  two  variables  N  and  <i,  and  can  have,  as  is  shown  in  the  above  figures 
(4)  and  (5)  all  the  possible  positive  and  negative  values  between  an  upper 
limit,  which  is  probably  4,  and  a  lower  limit,  which  in  our  experiments 
never  went  below  -1. 

When  n  is  positive  the  medium  is  more  absorbent  for  the  small  wave 
lengths;  the  opposite  happens  when  n  is  negative,  red  is  dispersed  more. 

In  particular,  at  a  constant  diameter  the  dispersion  of  the  medium  depends 
only  on  the  number  of  particles  and  n  can  pass  from  a  negative  value  to  a 
positive  one  when  N  decreases.  We  have  obtained  very  clear-cut  results 
with  gamboge  and  mastic  suspensions  with  a  cjiameter  in  ghe  vicinity  of  1.7  yu. 
For  the  former  when  N  varies  between  4  x  10  and  5  x  10  per  cc,  n^passes 
from  0.7^  to  +  0.70;  for  the  latter  when  N  varies  between  2.5  x  10  and 
1.6  x  10  per  cc,  n  passes  from  -0.51  to  +  1.0. 

Incidentally  it  is  interesting  to  note  that  one  can  make  a  new  ver¬ 
ification  of  Lord  Raleigh's  law  for  small  particles  by  plotting  the  values 

of  I/I  on  the  abscissa  and  the  corresponding  values  of  n  on  the  ordinate. 

o 


Figure  6. 


Legend:  1.  Value  of  n 

2.  Ultra-microscopic  grains 

3.  Values  of  I/I 

o 

One  then  obtains  curves  (Fig.  6)  whose  shape  is  similar  to  the  pre¬ 
vious  ones.  Some  have  a  minimum  and  all  the  extrapolations  seem  to  pass 
through  the  point  n  -  4. 

5.  Calculations  can  determine  the  shape  of  the  function  n  •  4  (N,d). 
By  referring  to  equations  (4)  and  (6)  previously  established  for  the  ab¬ 
sorption  In  turbid  media  of  large  particles  one  gets  by  equating  them: 
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KN'd 

\n 


Ad 


a 


3  oc 

(Nd) 


Then  by  expanding  the  first  member  i:i  a  series  to  the  second  term 

_ Ad^ 

KN’d 


xn 


e  (Nd3)* 


and  by  taking  natural  logarithms: 
(7) 


I 


loge  * 


Ad' 


log  K  +  log  N  +  log  d  +  - YcT 

6  6  (NdJ) 


When  one  takes  the  second  derivative  of  n  with  respect  to  N  for 
instance  one  obtains  the  value 


d2N 

dN2 


cc 


Nl2  loge  * 


being  the  value^fojj-  .which  the  derivative  dN/dN  becomes  equal  to  zero, 
e.g.  Nj  -  (a Ad6  ’  “)  £ .  Since  «  and  N^2  are  positive  and  since  log  A  is 
always  negative  d  n/dN  is  always  less  than  0.  The  value  thus  corres¬ 

ponds  to  a  minimum  for  n.  In  view  of  the  symmetry  of  the  equation  a  simi¬ 
lar  course  of  reasoning  would  indicate  a  minimum  for  n  when  d  would  be  con¬ 
sidered  as  a  variable.  Experiments  have  borne  out  this  manner  of  reasoning. 
By  replacing,  in  equation  (7),  the  various  constants  by  their  experimental 
values  and  by  calculating  n  one  finds  values  agreeing  with  observation 
within  the  experimental  errors.  The  same  applies  to  the  value  of  the  mini¬ 
mum  and  to  the  corresponding  N^. 

Equation  (7)  also  indicates  that  the  minima  of  the  curves  obtained 
when  either  N  or  d  is  considered  as  variable  are  less  marked  when  d  or  N 
are  smaller.  Finally  one  finds  again  the  logarithmic  law  obtained  exper¬ 
imentally  for  media  with  small  particles  and  high  concentrations,  because 
the  last  term  can  be  neglected. 

V.  Turbid  Non-Homogeneous  M>-dla.  Up  to  now  we  have  limited  our¬ 
selves  to  the  investigation  of  the  absorption  and  the  dispersion  observed 
in  media  of  particles  with  the  same  diameter. 

Equation  (.U)  established  experimentally  for  these  homogeneous  media 
could,  a  priori .  permit  one  to  predict  the  extension  of  the  results  so 
acquired  to  turbid  media  constituted  of  particles  with  different  diameters. 
Experiments  have  confirmed  this  hypothesis. 
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1.  First  of  all,  with  respect  to  the  absorption  we  noted  that  the 
latter  was  a  continuous  function  of  the  total  mass  of  the  particles.  We 
have  verified  this  fact  on  suspensions  of  fine  precipitates  of  silver 
chloride,  barium  sulfate  and  chromate  and  on  non-homogeneous  mastic  or 
gamboge  emulsions  titrated  directly  by  weight.  For  these  different  media 
we  have  found  the  following  equation  analogous  to  equation  (4): 


(8)  1  -  ~  -  e  ~  M/3 

o 

M  represents  the  total  mass  of  the  particles,  B  and  fi  are  two  co¬ 
efficients  depending  only  on  the  nature  of  the  suspended  particles  and  on 
the  wave  length  of  the  light  used. 

If  one  imagines  a  turbid  medium  consisting  of  a  mixture  of  particles 
with  different  diameters  one  must  have  for  each  series  of  particles: 

log  l_  -  log  (  1  -  -1  )_/  -  Ax  -  or  log  (Njd^3) 


log  /  -  log  (1—  ~P)/-A  -  or  log  (N  d  3) 

Iq  -  p  p  p 

If  one  assumes  -  as  is  likely  -  a  particle  distribution  such  that 
N  d  3  »  N_d_3  -  .  •  S  4  3,  and  if  one  calls  I/I  the  transmission  co¬ 

efficient  of  the  mixture  oReparrives  easily  at  an  equation  of  the  form: 
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Garnett  has  already  found  in  colloidal  metal  solutions  this  in¬ 
fluence  of  mass  on  the  absorbing  properties  of  turbid  media.  Very  recently 
0.  Bloch  and  F.  F.  Renwick  ,  while  studying  the  surface  opaqueness  of  the 
silver  emulsions  of  photographic  plates,  found  empirically  a  logarithmic 
law  between  the  absorption  and  the  mass  wt^ich  is  similar  to  the  equation 
which  we  found.  More  recently  M.  F.  Vies  while  searching  for  an  optical 
determination  for  bacterial  broth  found  a  simple  analytical  equation  given 
by  a  hyperbolic  relation  between  the  absorption  and  the  total  mass  of  the 
bacteria. 

Because  of  the  very  diverse  conditions  under  which  these  investiga¬ 
tions  have  been  carried  out  it  is  possible  that  the  various  forms  of  the 
mass  law  which  were  found  in  each  case  are  true  within  the  experimental 
conditions.  However  it  is  also  true  that  there  is  a  very  general,  simple 
relation  between  the  absorption  and  the  total  mass  of  a  suspended  substance 
which  produces  the  optical  turbidity. 

In  as  far  as  our  work  is  concerned,  we  think  that  the  exponential 
law,  which  we  found,  is  that  which  fits  best  when  one  works  with  particles 
whose  diameter  varies  between  1  and  12  p.  We  can  even  add  that  this  law 
still  applies  to  particles  whose  diameter  is  smaller  than  1  u,  We  have 
carried  out  determinations  on  ultramicroscopic  particles  which  do  not  cen¬ 
trifuge  down  and  whose  diameter  was  of  the  order  of  0.1  ya  and  we  have  again 
found  the  exponential  mass  law, 

2.  For  dispersions  by  internal  diffusion  we  have  found  for  hetero¬ 
geneous  media  again  the  same  results  obtained  for  homogeneous  emulsions: 
n  is  a  function  of  both  N  and  d,  and  the  curves,  drawn  when  N  and  d  are 
considered  as  variables  one  at  a  time,  have  the  same  shape  as  those  corres¬ 
ponding  to  emulsions  with  graded  particles.  As  in  the  case  of  the  latter 
they  seem  to  converge  at  the  point  n  »  4,  when  d  approaches  zero.  Also  n 
can  assume  both  positive  and  negative  values,  depending  on  the  case. 

Furthermore,  for  high  concentrations  and  a  mixture  of  particles  with 
medium  and  small  diameters  we  have  found  again  the  logarithmic  law  n  • 

A  +  B  log  N.  These  results  have  been  confirmed  by  a  great  number  of  deter¬ 
minations  on  very  divers  media  such  as:  suspensions  of  fine  precipitates 
of  silver  chloride,  barium  sulfate  and  chromate,  emulsions  of  oil  in  water 
and  water  in  oil  and  emulsions  of  gamboge  and  mastic. 


1 Garnett,  Phil.  Trans.  (A)  203,  1904,  p.  205  and  385,  1906,  p.  237.  For 
this  subject  matter  it  would  be  useful  to  refer  to  the  work  of  E.  F. 
Burton:  The  Physical  Properties  of  Colloidal  Solutions.  1916. 

I-The  Photographic  Journal.  Vol.  61,  1916,  p.  49. 

~*C.  R..  Vol.  78,  p.  575  and  794. 
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VI.  General  Conclusions. 

1.  The  diffusion  of  light  by  turbid  media  involves  diffraction  if 
the  particles  have  a  diameter  smaller  than  the  wave  length  of  the  incident 
light;  but  the  interpretation,  by  diffraction,  of  the  optical  phenomena 
obtained  with  large  particles  is  insufficient  because,  as  we  have  seen. 

Lord  Raleigh's  equation  cannot  be  used  in  its  true  form.  Probably  all  the 
optical  phenomena  -  diffraction,  refraction,  reflexion  -  must  be  taken  into 
consideration  to  explain  the  experimental  facts  which  have  been  discussed. 
The  general  theory  of  these  phenomena  must  be  very  complex;  it  has  been  ^ 
touched  upon  in  various  forms  by  different  physicists  (Garnett,  Mie  etc.) 
for  metallic  colloidal  solutions;  in  this  very  special  case  the  electro¬ 
magnetic  theory  of  light  suggests  calculations  which  partly  explain  the  ex¬ 
perimental  facts  but  which  cannot  be  applied  to  non-conduct ive  particles  - 
which  is  the  case  of  those  media  which  we  have  investigated.  We  have  thus 
restricted  ourselves  to  look  among  the  pertinent  physical  phenomena  for  the 
one  whose  role  is  most  important. 

Since  the  effect  of  diffraction  is  negligible  for  reasons  explained 
earlier  in  this  paper  we  have  first  attempted  to  explain  the  results  of  our 
investigation  by  refraction.  A  reasoning  similar  to  that  used  for  the  basic 
theory  of  the  rainbow  has  shown  that  this  phenomenon  considered  by  itself 
is  lnsuff icien£.  Likewise,  one  cannot  apply  to  these  media  the  theory  of 
Christiansen's  experiments.  Reflexion  by  itself  seems  to  be  the  phenomenon 
whose  effect  is  preponderant.  Starting  with  this  hypothesis  a  simple  course 
of  reasoning  can  as  a  matter  of  fact  yield  calculated  values  of  the  index  of 
the  medium  which  are  identical  with  experimental  ones. 

Let  us  imagine  a  turbid  medium  in  which  the  transparent  particles  are 
uniformly  distributed.  Let  us  consider,  within  a  thickness  e  of  this  med¬ 
ium,  a  row  of  particles  with  diameter  d,  are  separated  by  intervals  d'  and 
are  placed  in  the  course  of  a  beam  of  monochromatic  light.  Let  N'  stand 
for  the  index  of  refraction  of  the  interparticular  medium.  Let  us  calcu¬ 
late  the  delay  in  the  propagation  of  light  between  ray  2  which  traverses 
the  interparticular  medium  and  neighboring  ray  1  which  successively  encoun¬ 
ters  the  row  of  particles  along  their  axis  (see  Fig.  7). 


1c.f.  the  book  by  E.  F.  Burton.  The  Physical  Properties  of  Colloidal 
..Solutions  (loc.  cit.). 

Ann,  der  Phys.  (Annals  of  Physics),  November  1884. 
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Figure  7 

Let  us  designate  the  index  of  the  turbid  medium  by  N  and  let  us 
assume  that  the  velocity  undergoes,  at  each  surface  of  separation  a  loss 
of  +  a  percent  according  to  whether  the  index  N'  is  greater  or  smaller  than 
Nq;  if  the  row  consists  of  £  particles  and  p  +  1  intervals  one  has: 


(N  -  N  )e 
o 


N'd  ( 


1 

1  +  a 


1 

1  +  3a 


1  +  (2p  -  l)a 


) 


-PdN  *Nd'  <— i-—  +  -  -r-r-  *  ...  *  TST-T '  )  -  pd'N 
r  o  o  1  +  2a  1  +  4a  1+  2pa  r  i 


From  which  one  can  deduce: 


(9)  (N  -  NQ)e  -  pd(N'  -  Nq)  +  pa  £pdN*  -  (p  +  Dd'N^ 

From  this  result  one  can  draw  the  following  conclusions: 

1.  If  d  is  small  compared  with  d',  equation  (1)  resolves  into 

(N  -  N  )e  •  +  p(p  ♦  l)ad'N  . 
o  o 

If  one  assumes  that  the  loss  a  is  due  only  to  the  reflexion  and  that 
the  value  of  a  is 

N  -  N» 

o 


N  +  N* 
o 


one  can  evaluate  the  value  of  (N  -  N  )  for  different  cases  and  compare  it 
with  the  value  obtained  experimentally  by  the  method  of  total  reflection. 
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We  have  carried  out  these  determinations  with  the  Pulfrich  reflecto- 
meter  for  the  D  line  of  sodium,  and  checking  with  white  light  for  inclusions 
by  the  microscopic  method  of  the  Due  de  Chaulnes,  One  can  conclude  from 
the  figures  of  the  subsequent  table  that  agreement  between  the  equation  and 
experimental  results  is  satisfactory. 


N  - 

N 

_  o 

Calculated 

Observed 

Inclusion  of  water  N*  “  1.33 

0.16 

0.16- 

in  a  resin  N  “  1.48 

n 

Emulsion  of  water  N*  “  1.33 

0.08 

0.08+ 

in  oil  N  -  1.47 

Emulsion  of  oil  N'  -  1.47 

0.07 

0.07 

in  water  N  “1.33 
o 


Here  the  index  of  the  turbid  medium  is  always  greater  than  that  of 
the  interparticular  medium. 

It  seems  justifiable  to  assume  that  reflection  plays  an  important 
role  in  all  optical  phenomena  concerned  with  media  with  large  particles. 

2.  If  N'  *  N  ,  a  ■  0  and  the  second  term  of  equation  (9)  becomes,  like  the 
first,  equal  8o  zero.  It  is  easy  to  see  that  in  this  case  the  transparent 
particles  in  suspension  in  a  medium  with  the  same  index  of  refraction  will 
not  give  rise  to  any  optical  turbidity.  This  fact  is  confirmed  experiment¬ 
ally  as  we  have  shown  above  for  suspensions  of  resins  made  by  dissolving 
certain  types  of  rubber  in  benzene. 

In  the  last  account  these  experiments  explain  only  incompletely  the 
optical  phenomena  observed  in  turbid  media  with  large  particles.  Even 
though  they  show  the  reason  for  the  variation  of  the  index  they  cannot  be 
used  to  determine  the  dispersion  mechanism.  It  is  thus  justified  to  assume 
that  all  the  optical  phenomena  that  one  can  consider  must  participate;  the 
magnitude  of  each  contribution  depends  on  the  physical  properties  of  the 
particle. 

One  can  correlate  the  phenomena  which  we  have  just  described  with 
those  observed  for  media  with  smaller  particles.  If  one  represents  the  in¬ 
tensity  of  the  light  transmitted  by  a  turbid  medium  by  the  equation: 


where  A  and  n  are  a  function  of  N  and  d,  it  is  easy  to  see,  by  referring  to 
the  results  obtained  successively  by  Abney,  Hurion,  Crova,  Boutaric  and 
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Vies  that  one  can  arrange  the  values  obtained  for  n  in  the  following  order 
according  Co  the  dimensions  of  the  particle: 


Abney,  Hurion, 
Crova  and  Boutaric 


Vies 

Cheneveau  and 
Audubert 


Atmosphere 

Fine  precipitates  at  n  close  to  4 

the  beginning  of  their 
formation 

Bacteria  n  between  +  3  and  +  2 

Large  transparent  n  between  +  4  and  -  1 

particles 


One  could  perhaps  classify  water  among  the  substances,  assigning  the 
value  of  4  to  n.  The  dispersion  of  light  on  its  molecules  would  then  be 
the  explanation  of  the  blue  color  when  observed  in  rather  great  thickness. 

6 

As  for  the  function  A,  its  upper  limit  is  proportional  to  Nd  and 
its  lower  limit,  as  shown  by  our  experiments,  is  proportional  to  Nd. 


Let  us  note  here,  in  connection  with  the  value  of  n  for  the  atmos-^ 
phere,  that  certain  investigators  have  found  a  value  of  n  greater  than  4. 

Boutaric  has  thought  that  this  excess  over  the  limiting  value  antic¬ 
ipated  by  Lord  Raleigh's  equation  can  be  explained  in  terms  of  the  fluor¬ 
escence  of  the  atmosphere.  In  order  to  test  this  hypothesis  we  have  made 
measurements  of  n  in  emulsions  of  gamboge  and  mastic  containing  traces  of 
the  fluorescent  substances  fluorescein  and  eosin.  Up  to  a  certain  limit, 
which  corresponds  to  the  appearance  of  absorption  bands,  addition  of 
fluorescein  or  eosin  always  increases  the  value  of  n  to  a  considerable  ex¬ 
tent. 


Examples: 


Initial  emulsion 

Emulsion  plus 

gamboge 

n  "  2 

fluorescein 
n  “  4.7 

mastic 

n  “  0.6 

fluorescein 
n  -  2.5 

1.0 

"  n  -  3.7 

2.1 

"  n  -  4.8 

n  -  2.0 

eosin  n  ■  5.3 

1 Boutaric,  loc.  clt. 
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The  fluorescence  of  Che  solution  can  thus  explain  that  n  is  greater 
than  4;  but  this  effect  appears  to  be  limited  by  the  appearance. of  absorp¬ 
tion  bands  or  by  the  optimum  fluorescence  noted  by  Jean  Per.-in. 

3.  Applications. 

From  a  practical  point  of  view  the  optical  properties  which  we  have 
just  described  can  be  used  immediately  for  the  quantitative  determination 
of  suspensions.  We  have  just  seen  that  for  heterogeneous  turbid  media 
(fine  precipitates,  gamboge  emulsions,  emulsions  of  mastic  or  oil  etc.)  the 
mass  M  is  related  with  the  ratio  I/I  by  a  relationship  of  simple  exponen¬ 
tial  form: 


o 


e 


B 


Measurement  of  I/I  of  a  given  medium  can  thus  be  used  to  obtain  the 
total  mass  of  the  particles  which  constitute  this  medium,  or,  which  means 
the  same  thing,  the  titer  of  the  solution.  This  determination  can  be  used 
each  time  one  deals  with  a  medium  which  does  not  sediment  too  rapidly.  It 
will  suffice  to  calculate,  by  means  of  two  preliminary  determinations  on 
known  concentrations,  the  constants  B  and  /3  of  the  exponential  equation. 

One  can  also  obtain  the  mass  M  without  resorting  to  calculation  by  equation; 
as  a  matter  of  fact  it  will  suffice,  once  .d  for  all  to  construct  a  stand¬ 
ard  curve  of  the  values  of  I/I  for  the  known  concentrations  of  the  given 
medium.  In  order  to  obtain  the  concentration  x  of  an  emulsion  of  the  same 
constitution  it  will  be  enough  to  measure  I/I  and  to  refer  to  the  standard 
curve. 


This  last  procedure  seems  to  be  the  best  way  to  proceed  because, 
even  in  cases  where  the  exponential  equation  would  not  exactly  apply  to 
media  other  than  those  investigated  as  has  been  found  by  Vies  for  bacteria 
for  instance  -  it  is  still  possible  to  determine  the  titer  by  knowing  I/Io- 

Actually  in  all  cases  the  ratio  I/I  must  be  a  contiguous  function 
of  M.  Various  investigators,  including  Richards  and  Wilson  have  attempted 
to  evaluate  the  difference  in  the  concentrations  of  the  two  suspensions  by 
comparing  the  intensity  of  the  light  they  diffuse  with  one  another.  We 
think  that  these  methods,  referred  to  as  nephelometric  -  are  inaccurate 


..Ann.  de  Phys..  Vol.  10,  1918,  p.  133. 

~Vl«5s,  loc.  clt. 

Amer.  Chem.  Journal.  Vol.  31,  1904,  p.  235. 
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except  in  the  case  of  suspensions  of  very  fine  particles  (n  -  4)  because 
of  the  variations  which  the  exponent  n  of  the  wave  length  undergoes  as  a 
function  of  the  concentration.  On  the  other  hand  the  determination  of  I/I 
yields  exact  results.  Furthermore  the  sensitivity  with  which  the  deter-  ° 
mination  of  the  titer  can  be  carried  out  is  very  good  as  is  shown  in  the 
following  examples: 


Th- 

ckness 

of  coll: 

4  cm 

Mastic  (g/liter) 

M 

0.060 

0.041 

0.0306 

0.0206 

0.0150 

1 

0.677 

0.748 

0.810 

0.860 

0.900 

1 

o 

Thickness 

of  cell: 

8  cm 

AgCl  (g/liter) 

M 

0.055 

0.0354 

0.0177 

0.0088 

T 

J. 

T 

0.578 

0.677 

0.804 

0.884 

o 


These  numbers  indicate  that  in  the  case  of  silver  chloride  we  could 
measure  differences  of  the  order  of  0.001  g/liter  with  an  accuracy  of  2%; 
and  in  the  case  of  mastic  we  could  evaluate  differences  of  the  order  of 
0.0008  with  an  accuracy  of  1%. 

Vl£s,  de  Wattevil  and  Lambert^  have  designed  an  opacimeter  which  can 
be  used  to  determine  emulsions  of  microbes. 

It  is  interesting  to  note,  in  view  of  the  complete  agreement  of  the 
results  indicates  that  the  individual  shape  of  the  particles  only  enters 
in  a  secondary  fashion. 

In  addition  to  the  very  many  services  that  a  method  of  this  type  can 
give  when  applied  to  chemical  determinations  we  think  that  it  would  also 
be  of  interest  for  certain  physicochemical  speculations.  It  could  for  in¬ 
stance  resolve  a  certain  number  of  problems  concerned  with  the  process  of 
formation  of  precipitates  and  their  reaction  velocity. 
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